Rapidly growing Haemophilus influenzae strain Rd bacteria were infected with bacteriophage HP1 and DNA extracts prepared at various times thereafter. A number of phage genes scattered along the entire phage genome were quantitatively assayed by transformation. The kinetics of activity increases of these genes suggests that phage HP1 DNA replication begins at a fixed origin about one-quarter from the right end and that it proceeds to the left.
Rapidly growing Haemophilus influenzae strain Rd bacteria were infected with bacteriophage HP1 and DNA extracts prepared at various times thereafter. A number of phage genes scattered along the entire phage genome were quantitatively assayed by transformation. The kinetics of activity increases of these genes suggests that phage HP1 DNA replication begins at a fixed origin about one-quarter from the right end and that it proceeds to the left.
The first round(s) of bacteriophage X DNA replication after phage infection begins at a fixed origin of about one-fifth unit from the right end (6, 7, 8, 18 ) and proceeds to the left. Electron microscopy observations showed the origin to be 0.18 units from the right end (11) . Later studies made clear that DNA replication is bidirectional (9) . Less frequent unidirectional DNA synthesis in either direction also occurs, however (5, 11) . mRNA hybridization studies of replicating X prophage DNA demonstrated that the origin is at 79.8 to 80.5% from the left end (of mature phage DNA) and that divergent bidirectional replication proceeds to the left and to the right at approximately the same rate (14). In contrast, the first round(s) of replication of phage T4 DNA (10) and of phage P2 DNA (12) appear to be unidirectional, although they also start from preferred origins. The direction is clockwise in phage T4 and begins at gene 43. Synthesis proceeds to the left in phage P2 and begins at 0.11 units from the right end. The origin of DNA replication in both phage A and P2 appears to be just to the left of the phage gene or genes which directly control phage DNA synthesis (12, 14) . Gene conversion experiments using single-burst analysis of cells transfected with heteroduplex phage DNA molecules led to the conclusion that in Bacillus subtilis phage SPP1 DNA replication proceeds to the left (13).
Similar experiments suggested that OX174 replicative form DNA duplication is clockwise and that it has its origin in cistron A which controls DNA formation (1). I report here measurements of phage HP1 DNA synthesis after infection of Haemophilus influenzae strain Rd. My observations led to the conclusion that DNA replication begins at a preferred origin about one-quarter from the right end of the DNA molecule and proceeds to the left. '57 H. influenzae indicator strains, defective lysogens, and transformation techniques have been described (15, 17 Fig. 3 , is very similar to the prophage map. This is deduced from the observations that co-transformation frequencies of eight pairs or triplets of markers appeared to depend only on the genetic distance between the markers and not on the source of donor DNA. For instance, the co-transformation efficiency of the marker triplet NG137+ NA118+ NG140+, which spans nearly the entire phage map (abcissus of Fig. 3 ) relative to the transformation efficiency of the central marker NA118+, is about 0.25 for both wild-type mature phage DNA and wild-type lysogen DNA.
A fast-growing culture of nonlysogenic strain Rd 216 at 7.5 x 108 colony-forming cells per ml was cooled to room temperature. Chloramphenicol at 10 ,g of final concentration per ml was added. Ten minutes later, CaCl2 at 3 mmol per liter and wild-type phage HP1 at 2 x 10' PFU of final concentration per ml were also added. The bacteria were centrifuged down after another 10 min at room temperature and were resuspended in 2 volumes of fresh broth. Phage adsorption on September 6, 2017 by guest http://jvi.asm.org/ Downloaded from NOTES was 85%. Thus, multiplicity of infection was approximately 2.2. The resuspended bacteria were shaken at 37 C, and samples were analyzed at indicated intervals. The culture began to lyse and liberate active phage at 40 to 50 min after infection (Fig. 1) .
The cells were spun down in the cold, washed once, and then lysed by suspending them in 1 volume of 0.1 M saline containing 15 down to phage X-size fragments with close to normal biological activities. All transformation assays were done under conditions and at DNA concentrations at which transformation increased linearly with increasing concentration. Therefore, the number of transformants can be used as a measure of DNA concentration.
Cellular synthesis of the novA gene (novobiocin resistance, 5 to 10 ug/ml) proceeded at normal doubling every half hour. In fact, linkage between this gene and the strA gene (streptomycin resistance, 2 mg/ml) remained unaltered (not shown). Synthesis of the phage gene NG111+, as measured by transformation of a defective NG111 lysogen (17), showed a lag of approximately 20 min.
Similar results (not shown) were obtained after UV induction of wild-type or mutant defective lysogens. Synthesis of wild-type phage markers began at 40 to 50 min after irradiation, whereas the induced wild-type lysogen released active phage at 90 to 100 min. Of all defective lysogens studied, only strain NG111 showed no significant increase in transforming activity of three different phage genes. The NG111 gene thus may control phage HP1 DNA synthesis. Figure 2 shows more accurately the rates of increase (measured as increase in transforming activity) of various phage genes during the period from 12 to 23 min. I have plotted the ratios of their transformation values to those for the bacterial novA gene. An average increase (for all assays) of 40% was observed for the latter gene (range of 15 to 63%). The expected increase is 28% for a doubling time of 30 min. The curves in Fig. 2 thus somewhat underestimate the rates of increase for the various phage genes.
Synthesis of some genes appeared to lag longer than that of others. In Fig. 3, I have plotted the 23-min values, relative to the averaged values at 12, 14, and 16 min, against the marker position on the genetic map. The rate of activity increases, thus represented, appeared to follow a gradient which is highest at marker NA115 and lowest at marker NG111. Note that the value for the NA115 gene is probably an underestimate, because this gene had apparently replicated already at 16 min (Fig. 2) .
There is no indication that at 12 min, significant amounts of large replicating phage DNA structures, such as branched linear or circular molecules, had already formed. DNA extracts at zero time and at 12 min, as well as pure mature phage HP1 DNA, were mixed with radioactive phage T7 DNA and centrifuged through linear 5 to 20% sucrose density gradients (M NaCl, 10 .068
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